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Introduction
Sphingolipids represent a major class of lipids that are important components of membranes in eukaryote cells. Since their discovery in 1876, sphingolipids were considered for a long period as inert structural components in membrane. However, intensive research on metabolism and function has found that several sphingolipids including ceramide, sphingosine, ceramide-1-phosphate and sphingosine-1-phosphate play important roles in regulating a wide range of signaling pathways Morales et al. 2007; Ogretmen and Hannun 2004; Zheng et al. 2006) . Among the bioactive species of sphingolipids, ceramide has been extensively studied and identified as an important signaling molecule in cell growth arrest, differentiation, senescence, apoptosis and inflammation (Chalfant and Spiegel 2005; El Alwani et al. 2006; Hannun and Obeid 2008; Modrak et al. 2006) . A variety of stimuli including tumor necrosis factor-a (TNF-a), interleukin (IL)-1, daunorubicin and other chemotherapeutics can induce the formation of ceramide (Bartke and Hannun 2009; Nikolova-Karakashian et al. 2008) , and this can occur through several pathways including the de novo synthetic pathway (Perry 2002) , the ceramide salvage pathway (Kitatani et al. 2008 ) and the hydrolysis of complex sphingolipids such as sphingomyelin (SM) (Stoffel 1999) . Sphingomyelinase (SMase) hydrolyzes the phosphodiester bond of SM yielding ceramide and phosphocholine. Several isoforms of SMases have been identified and classified by their pH optima: acid SMase, alkaline SMase and neutral SMases (nSMases). Of these, alkaline SMase is found in the intestinal tract and bile, and is thought to play a role in SM digestion (Duan 2006) . In contrast, acid SMase (SMPD1) comprises both a lysosomal enzyme and a secretory SMase, and its mutation results in the human Niemann-Pick disease (Jenkins et al. 2009; Schuchman 2007) . The focus of this review is the group of nSMases. At present, several nSMase isoforms have been identified and suggested to play essential roles for regulating sphingolipid metabolism.
The Neutral Sphingomyelinase Family
In 1967, Scheider and colleagues first reported neutral SMase (N-SMase) activity identified in tissues from patients with Niemann-Pick disease (Schneider and Kennedy 1967) ; however, it was 20 years until the first N-SMase family members were cloned and identified from Staphylococcus aureus and Bacillus cereus (Coleman et al. 1986; Yamada et al. 1988) . Based on homology with the bacterial SMases, the yeast N-SMase homologue, ISC1 was also identified (Sawai et al. 2000) . Further, the first mammalian homologues (Fig. 1) nSMase1 (SMPD2) (Tomiuk et al. 1998 ) and nSMase2 (SMPD3) were identified (Hofmann et al. 2000) , again based on homology to the identified bacterial SMases. More recently, the third mammalian isoform nSMase3 (SMPD4) was identified based on sequence obtained from purified bovine SMases (Krut et al. 2006) . Finally, recent studies identified N-SMase homologues in zebrafish cells (Yabu et al. 2008 (Yabu et al. , 2009 . Notably, one of the zebrafish nSMase identified was localized to the mitochondria (Yabu et al. 2009 ), an important organelle for sphingolipid metabolism (Birbes et al. 2002; Futerman 2006; Novgorodov and Gudz 2009) . This raises the possibility of additional unidentified mammalian N-SMases. Together, these enzymes comprise the N-SMase family. Notably, the existence of multiple nSMase isoforms is in agreement with studies reporting multiple N-SMase activities reported in bovine brain (Jung et al. 2000) .
Overall, the homologies among the different nSMase enzymes are low. However, in all but one (nSMase3), key residues involved in magnesium binding and catalytic activity-the so-called 'catalytic core' residues-are strongly conserved . Consequently, all the nSMases identified so far are strongly dependent on magnesium (or manganese) for their catalytic activity. This conservation suggests a common catalytic mechanism, and thus, these N-SMases are considered to belong to an extended family. The mammalian N-SMases have been suggested to play major roles in the cellular stress response (Fig. 2) for many years. In contrast, the majority of knowledge about nSMase1, -2 and -3 has been reported relatively recently. Accordingly, here we review current knowledge of the mammalian N-SMase family members. For information on yeast ISC1 and the bacterial SMases, the following recent reviews are suggested (Milhas et al. 2009; Matmati and Hannun 2008 Neutral Sphingomyelinase 1 (nSMase1)
In 1998, nSMase1 was cloned and identified according to remote sequence similarity with bacterial SMase (Tomiuk et al. 1998) . Human nSMase1 is a 423 amino acid protein with a predicted molecular weight of 47.6 kDa and shows significant homology with Isc1p at the amino acid sequence. Consistent with this, nSMase1 is also an integral membrane protein with two putative transmembrane domains at the C-terminus. Analysis of N-SMase activity in vitro revealed that nSMase1 was Mg 2? -dependent (Tomiuk et al. 1998) , and mutagenesis studies identified two histidine residues, His-136 and His-272, essential for catalysis . Enzymatic activity required reducing agents and was reversibly inhibited by reactive oxygen species (ROS) and oxidized glutathione (GSH) . The enzyme is also irreversibly inactivated by peroxynitrite, a nitric oxide-derived oxidant (Josephs et al. 2002) . Northern blot analysis showed that nSMase1 mRNA is ubiquitously expressed in multiple tissues as a 1.7-kb mRNA; the ubiquitous expression pattern was further confirmed at the protein level . The over-expressed nSMase1 colocalizes with marker proteins of the endoplasmic reticulum (ER) and the Golgi apparatus by immunocytochemistry . Although the ER localization was further confirmed Rodrigues-Lima et al. 2000) , a subsequent study in hepatoma cells found that endogenous rat nSMase1 localized mainly to the nuclear matrix. This suggests that nSMase1 may function in multiple organelles (Mizutani et al. 2001 ).
Role of nSMase1 in Lipid Metabolism and in Cellular Signaling
A number of reports have focused on potential signaling roles of nSMase1. Some studies have suggested that nSMase1 is important for ceramide generation in response to stress. For example, in the T-cell hybridoma (3DO) cells, specific inhibition of nSMase1 by antisense RNA reduced T-cell receptor-mediated apoptosis (Tonnetti et al. 1999) and inhibition of nSMase1 decreased ceramide levels, IL-2 production and MAPK activation during the T-cell receptor response. Thus, nSMase1-derived ceramide may be an important component of the T-cell receptor signaling machinery. Additionally, in zebrafish embryonic cells, the inhibition of nSMase1 by an antisense oligonucleotide repressed the induction of ceramide generation, caspase-3 activation and apoptotic cell death induced by heat stress (Yabu et al. 2008) .
However, whereas nSMase1 exhibits in vitro SMase activity, MCF-7 cells overexpressing the protein did not show changes in SM metabolism. Instead, nSMase1 had effects on metabolism of lysoPAF, an inert metabolite of biologically active platelet-activating factor and a natural 1-alkyl 2-acetyl analog of phosphatidylcholine. Importantly, nSMase1 acts preferentially as a lysoPAF phosphodiesterase in vitro (Sawai et al. 1999) , suggesting nSMase1 may have an alternative biochemical function. Consistent with this, stimulation of nSMase1-overexpressing cells with TNF or H 2 O 2 did not elevate ceramide levels or induce apoptosis (Tomiuk et al. 1998) . Moreover, in Jurkat cells, nSMase1 was not responsible for ceramide generation during the execution phase of death receptor-induced apoptosis (Tepper et al. 2001) . Importantly, nSMase1 knockout (KO) mice showed no abnormality in sphingolipid metabolism or lipid storage disease (Zumbansen and Stoffel 2002) .
Taken together, these data suggest that nSMase1 may function as an in vivo SMase in some instances. However, with the lack of a phenotype in the nSMase1-KO mouse, the physiologic roles of nSMase1 still need to be further determined.
Neutral Sphingomyelinase 2 (nSMase2)
In 2000, the second mammalian nSMase, nSMase2, was identified based on similarity to bacterial SMase (Hofmann et al. 2000) . Human nSMase2 is a 655 amino acid protein with a molecular weight of 71 kD and has a C-terminal catalytic domain, two N-terminal hydrophobic segments, with a 200-residue collagen-like triple helices between the two ( Fig. 1) (Hofmann et al. 2000) . In addition, nSMase2 was found to be palmitoylated in two cysteine clusters (Tani and Hannun 2007b) with one cluster located between the two hydrophobic segments and the second cluster located in the catalytic region. Mutagenesis studies revealed that palmitoylation of nSMase2 was important for both the protein stability and the plasma membrane (PM) Fig. 2 Signaling roles of nSMases. Studies on nSMases1-3 have led to the identification of many activators and potential physiological roles of nSMases localization of nSMase2. Although the N-terminal hydrophobic segments of nSMase2 were originally proposed to be transmembrane domains, subsequent studies of the enzyme topology suggested that each hydrophobic segment is integrated into the membranes but does not span the entire membrane (Tani and Hannun 2007a) . The location of the N-terminal palmitoylation cluster between the two hydrophobic segments further supports this as palmitoylation only occurs on the cytosolic side of the PM (Tani and Hannun 2007b) .
The activity of nSMase2 is optimal at neutral pH, is dependent on magnesium and is enhanced by unsaturated fatty acids and anionic phospholipids, especially cardiolipin and phosphatidylserine (Marchesini et al. 2003) . GW4869 was identified as an nSMase2 inhibitor both in vitro and in vivo and has been widely used to evaluate N-SMase roles in cellular response and physiological function. Unlike nSMase1, nSMase2 possesses in vivo SMase activity with overexpressing nSMase2 in MCF-7 cells showing a 40% decrease in SM levels and a concomitant 60% increase in ceramide levels (Marchesini et al. 2003) ; this was also observed in primary hepatocytes (Karakashian et al. 2004) . Unlike the ubiquitous nSMase1, expression of nSMase2 was predominantly detected in the brain at both the protein and mRNA levels (Hofmann et al. 2000) . The subcellular localization of nSMase2 has been observed in several organelles. While nSMase2 was initially localized to the Golgi in several cell lines (Hofmann et al. 2000) , subsequent studies have found localization of nSMase2 predominantly at the PM. Furthermore, this PM localization could be enhanced upon stimulation (e.g. TNF-a, H 2 O 2 ) or in confluent cells Clarke et al. 2007 ; Levy et al. 2006; Marchesini et al. 2004 ). Thus, the translocation of nSMase2 from the Golgi to the PM may be important for nSMase2 functions. Interestingly, nSMase2 has also been observed in the nucleus in human airway epithelial (HAE) cells using confocal microscopy (Levy et al. 2006) . However, the mechanism underlying specific localization of nSMase2 and its potential trafficking between multiple subcellular locations is unclear and needs further elucidation. Finally, nSMase2 was reported to localize to the cytosolic leaflet of the PM, suggesting the presence of an inner leaflet pool of SM on the cytosolic face of the membranes (Tani and Hannun 2007a) . Notably, this is consistent with the enrichment of the nSMase2 activating lipid phosphatidylserine in the inner leaflet of the PM (Vance and Steenbergen 2005) .
Roles of nSMase2 in Cellular Stress Responses
Since its identification, nSMase2 has emerged as a major candidate for stress-induced ceramide production and a number of anti-cancer drugs have been shown to exert effects on nSMase2. In MCF-7 cells, daunorubicin upregulated cellular N-SMase activity and ceramide levels (Ito et al. 2009 ). Notably, daunorubicin specifically upregulated both nSMase2 mRNA and protein levels but had no effects on nSMase1 and nSMase3. Further analysis revealed that nSMase2 was important in mediating daunorubicin-induced cell death and that several Sp1 motifs in the nSMase2 promoter region were important for transcriptional induction by daunorubicin (Ito et al. 2009 ). Additionally, nSMase2 overexpression enhanced cell death induced by either staurosporine or C(2)-ceramide in oligodendrocytes (Goswami et al. 2005) . In aortic smooth muscle cells, apolipoprotein C-I induced N-SMase activity, ceramide levels and apoptosis which was abolished by treatment with the nSMase2 inhibitor, GW4869 (Kolmakova et al. 2004) .
Reports have also suggested that nSMase2 plays a role in stress-induced bronchial and lung injury in pulmonary diseases. For example, in HAE cells, H 2 O 2 induced activation of nSMase2, ceramide generation and apoptosis, and this was inhibited by GSH. Oxidant exposure was also suggested to affect nSMase2 localization with oxidant exposure causing preferential trafficking to the PM whereas in contrast, exposure to GSH resulted in nSMase2 trafficking to the nucleus (Levy et al. 2006) . A subsequent study also found that nSMase2 was required for cigarette smoke-mediated ceramide generation and apoptosis in human bronchial epithelial cells (Levy et al. 2009 ). As with H 2 O 2 , GSH also inhibited the cigarette smoke-induced effects on nSMase2 activity and apoptosis. Finally, the nSMase2 inhibitor GW4869 was shown to inhibit hypoxiainduced pulmonary vasoconstriction in vivo (Cogolludo et al. 2009 ). In isolated rat pulmonary artery smooth muscle cells, hypoxia increased ceramide content which was abrogated by GW4869. These data suggest that nSMase2 plays roles in vasoconstrictor response to hypoxia.
Roles of nSMase2 in Cell Growth and Cancer Genesis
In addition to its roles in acute stress responses, nSMase2 has also been implicated in cell growth inhibition and tumorigenesis. Three years prior to the cloning of nSMase2, a cDNA fragment CCA1-later identified as nSMase2-was found to be upregulated in growth-arrested confluent cells. A role for nSMase2 in the regulation of cell growth was confirmed when it was found that nSMase2-overexpressing cells exhibited slower cell growth at the late exponential phase (Marchesini et al. 2003) . Subsequently, it was found that upregulation of nSMase2 mRNA and protein caused a cell cycle arrest in the G0/G1 phase with consequent increases in ceramide levels, especially in the very long chain C(24:1) and C(24:0) ceramides (Marchesini et al. 2004) . Conversely, siRNA downregulation of nSMase2 prevented both ceramide increases and the cell cycle arrest. Mechanistically, nSMase2 downregulation prevented dephosphorylation of the retinoblastoma protein and induction of p21/WAF1 in confluent cells, thus providing a link between nSMase2 and key regulators of cell cycle. Further, PP1, a lipid-regulated protein phosphatase, was implicated as acting downstream of nSMase2 in regulating cell motility during cell confluence (Marchesini et al. 2007 ). On the other hand, the antioxidants CoQ inhibited serum deprivation-induced activation of nSMase and ceramide accumulation (Navas et al. 2002) . Surprisingly, while nSMase2 was reported to be distributed throughout MCF-7 cells under subconfluent condition, the protein became predominantly located at the PM in confluent, growth-arrested cells. This further supports the hypothesis that the PM is the major site of nSMase2 action. Finally, a more recent study demonstrated induction of nSMase2 mRNA and ceramide levels by retinoic acid (Somenzi et al. 2007) . As retinoic acid is also known to induce G0/G1 arrest, this provides further evidence that nSMase2 is an important regulator of cell growth and the cell cycle.
More recently, nSMase2 has been implicated in cancer pathogenesis. A study of primary osteoblasts found that treatment with conditioned medium from a prostate cancer cell line (PC-3) significantly reduced nSMase2 expression (Schulze et al. 2009 ). As prostate cancer primarily metastasizes to bone, this study suggested that nSMase2 may play a role in cancer cell migration and osteoclast activation. Moreover, a number of mutations in the nSMase2 gene, smpd3, were identified in cancer (Kim et al. 2008 ) with nSMase2 mutations found in 5% of acute myeloid leukemias and 6% of 131 acute lymphoid leukemias. Notably, two of the reported leukemia mutations led to decreased stability of nSMase2 or mislocalization of the protein within the cell. Finally, a homozygous deletion of the smpd3 gene was found in a murine osteosarcoma model. Taken together, these results have begun to suggest a functional role for the nSMase2/ceramide pathway in the regulation of tumorigenesis. However, considerable further studies are required to address this fully.
Role nSMase2 in Inflammation Signaling Pathway
Consistent with the stimulation of N-SMase activity by cytokines, studies have also shown that nSMase2 plays a role in the inflammatory response Nikolova-Karakashian et al. 2008 ). Among the various inflammatory stimuli, TNF-a is one of the most widely studied activators of nSMase2. In MCF-7 cells, long-term stimulation with TNF-a induced approximately 40% activation of overexpressed nSMase2 (Marchesini et al. 2003) , while acute stimulation with TNF-a was also found to increase nSMase2 activity in a number of cell lines including A549, HUVEC and smooth muscle cells (Clarke et al. 2007; De Palma et al. 2006; Tellier et al. 2007 ). In smooth muscle cells, activation of nSMase2 by TNF was reported to be downstream of furin, MT1-MMP and MMP2 whereas in A549 cells, nSMase2 activation was dependent on p38 MAPK (Clarke et al. 2007; Tellier et al. 2007) . Notably, in addition to activation, TNF was also found to induce relocalization of nSMase2 to the PM in A549 lung epithelial cells, and this was also dependent on p38 MAPK as well as requiring PKC-delta (Clarke et al. 2007 (Clarke et al. , 2008 Tellier et al. 2007 ). FAN (factor associated with N-SMase activation) has been identified as an adapter protein that associates with the TNF receptor and plays a role in activating N-SMase (Adam- Klages et al. 1996) . More recently, the polycomb group protein EED was found to interact with both nSMase2 and RACK1 (Philipp et al. 2010) , an interaction partner of FAN (Tcherkasowa et al. 2002) . Furthermore, the TNF-dependent activation of nSMase2 is completely abrogated by inhibition of EED. Thus, TNF induces formation of a TNF receptor-FAN-RACK1-EED complex at the PM resulting in activation of nSMase2. Taken together, these studies confirm nSMase2 as a TNF-a -responsive enzyme.
Functionally, nSMase2 was found to be upstream of the TNF-a-stimulated expression of vascular cell adhesion molecule-1 (VCAM) and intercellular adhesion molecule-1 (ICAM) in lung epithelial cells (Clarke et al. 2007 ) and was important for TNF-a induced activation of endothelial nitric oxide synthase (eNOS) in human endothelial cells (De Palma et al. 2006) . In smooth muscle cells, nSMase2 was important for TNF-a-mediated ERK activation, DNA synthesis and cell proliferation (Tellier et al. 2007 ). Interestingly, in the latter two cases, nSMase2 appeared to function upstream of sphingosine kinase 1, as a source of ceramide for subsequent production of sphingosine-1-phosphate. More recently, nSMase2 was implicated in TNF-a induced modulation of synaptic plasticity by controlling the membrane insertion of NMDA receptors (Wheeler et al. 2009 ). Finally, aside from TNF-a, nSMase2 was also implicated in induction of the inducible nitric oxide synthase (iNOS) by lipopolysaccharide (LPS) in C6 rat glioma cells (Won et al. 2004) .
In addition to the above reports, insight into the role of nSMase2 in aging-associated inflammation has come from the Karakashian group. Initial studies reported the activation of N-SMase by interleukin 1-beta (IL-1b) (Nikolova- Karakashian et al. 1997) , and it was subsequently found that nSMase2 overexpression enhanced IL-1b-stimulated JNK activation in primary rat hepatocytes (Karakashian et al. 2004) . Moreover, the regulation of JNK phosphorylation and the ubiquitination of the IL-1b receptor-associated kinase (IRAK) were dependent on the ceramide-activated protein phosphatase, PP2A-presumably acting downstream of nSMase2 (Karakashian et al. 2004) . In further studies, the same group noted increased sensitivity to IL-1b in aging rats. Investigating this mechanistically, it was found that hepatocytes from aged rats had increased N-SMase activity whereas expression levels of other pathways components including IL-1b receptor I, JNK, IRAK-1 and transforming growth factor-beta-activated kinase-1 were not significantly different. This suggested that enhanced N-SMase activity is a key part of the mechanism underlying IL-1b hypersensitivity. Consistent with this, it was reported that nSMase2 overexpression in hepatocytes from young rats leads to reduced IRAK-1 degradation and increased JNK phosphorylation whereas the inhibition of N-SMase significantly abrogated the IL-1b response in hepatocytes from aged rats. These important studies demonstrated that nSMase2 is both sufficient and required for the onset of hyperresponsive to IL-1 b during aging (Rutkute et al. 2007b ). Moreover, it was also revealed that the observed increase in N-SMase activity during aging was caused by a decrease in hepatocyte GSH level (Rutkute et al. 2007a) .
Taken together, these studies indicate that the N-SMases, particularly nSMase2, are important mediators of inflammatory signaling and may have a profound role in aging-associated hyperresponsiveness.
Studies of nSMase2-Deficient Animals
Recent insight into the functional roles of nSMase2 has come from the studies of nSMase2-deficient mice. In 2005, an nSMase2 KO mouse was generated by Stoffel and colleagues. Interestingly, although multiple nSMases exist, disruption of nSMase2 resulted in the loss of the majority of N-SMase activity in many organs of the nSMase2 KO mouse. This confirms that nSMase2 is an important N-SMase physiologically. This was further emphasized by the complete loss of in vitro N-SMase activity in various tissues of a double nSMase1 nSMase2 KO mouse. The nSMase2 KO mouse was characterized by an embryonic and juvenile dwarfism phenotype (Stoffel et al. 2005 ). This phenotype was most strikingly manifested in the skeleton with knockout animals displaying short statured long bones and joint deformations compared to wild-type animals. Further analysis revealed that nSMase2 knockout animals had lower levels of growth hormone and decreased concentrations of serum insulin-like growth factor, and this was speculated to cause the prolonged cell cycle and hypoplasia observed in the KO mice (Stoffel et al. 2005) . Further study showed that the defects observed in the nSMase2 KO mouse were completely rescued via transgenic expression of nSMase2 (Stoffel et al. 2007 ). Importantly, these data gave essential insight into the potential functional roles of nSMase2.
The findings relating to nSMase2 regulation of the skeleton took on greater significance when, in an independent study, a mouse model of osteogenesis and dentinogensis imperfecta (the fro/fro mouse) was attributed to a mutation of the smpd3 gene (Aubin et al. 2005) . The phenotype of the fro/fro mouse is characterized by smaller size at birth, multiple fractures in long bones and ribs, with severely undermineralized bones but normal cartilage growth. Moreover, tooth and alveolar bone abnormalities linked to hypomineralization were also observed. In 2005, the partial deletion of intron 8 and exon 9 in the smpd3 gene was identified in the fro/fro mouse. This mutation results in the deletion of the C-terminal 33 amino acids of the nSMase2 protein. Importantly, this includes the crucial catalytic residues Asp638 and His639 which thus renders the fro/fro nSMase2 catalytically inactive. As with the nSMase2 KO mouse, only residual N-SMase activity (*10%) was detected in the brain and fibroblasts of the fro/fro mouse, further emphasizing its importance as a physiological N-SMase. Taken together, this suggests that the inactivation of nSMase2 may be at least partly responsible for fro/fro mouse phenotype.
When considered together, studies of the nSMase2 KO mouse and the fro/fro mouse present clear evidence that nSMase2 plays an important role regulating bone development and formation. This was further supported by a recent study reporting regulation of nSMase2 transcription by bone morphogenetic protein-2 (BMP-2) during osteoblasts maturation (Chae et al. 2009 ). However, it is important to note that the phenotypes between the fro/fro mouse and nSMase2 KO mouse are somewhat different. Unlike in the fro/fro mouse, no abnormal bone mineralization was observed in the nSMase2 KO mice; indeed, bone in the adult nSMase2 KO mice is even stronger than in the wild-type mouse (Stoffel et al. 2007 ). The underlying mechanisms of this discrepancy are unclear and may be age related. This requires further investigation.
Neutral Sphingomyelinase 3 (nSMase3)
In 2000, an N-SMase protein was partially purified from bovine brain and reported as a magnesium-dependent, membrane-bound N-SMase (Bernardo et al. 2000) . Subsequently, peptide sequences from the bovine brain N-SMase facilitated the identification of the third mammalian N-SMase protein, termed nSMase3 (Krut et al. 2006) . The gene for nSMase3 is localized to human chromosome 2q21.1 and encodes a protein of 866 amino acids with predicted molecular mass of 97.8 kDa. Surprisingly, the amino acid sequence of nSMase3 possessed very low homology to the previously cloned nSMase1 and nSMase2. Indeed, nSMase3 was reported to be relatively highly conserved from higher to lower animals (Krut et al. 2006) , suggesting it may form a distinct N-SMase family in its own right. Importantly, nSMase3 was reported to possess both in vitro and in vivo N-SMase activity, being reported to modulate sphingolipid levels when transiently or stably expressed (Corcoran et al. 2008; Krut et al. 2006) . The nSMase3 protein is a C-tail-anchored integral membrane protein containing an ER signal in the C-terminus and a proline-rich region at the N-terminus, which could potentially mediate protein-protein interactions ( Fig. 1 ) (Corcoran et al. 2008) . Northern blot analysis revealed that nSMase3 mRNA was ubiquitously expressed as a 4.6-kb mRNA with the highest expression in striated muscle and heart muscle. Finally, confocal microscopy studies reported localization of nSMase3 to both the ER and Golgi.
Role of nSMase3 in Cellular Signaling
The relatively recent cloning of nSMase3 means that there has been considerably less study on its functional roles than with the other N-SMases, with no independent confirmation of its activity yet. Thus far, though, acute stimulation of MCF-7 cells with TNF-a was reported to activate nSMase3. Notably, this was impaired by expression of dominant-negative FAN suggesting that it acts downstream of FAN in the TNF signaling pathway (Krut et al. 2006) . Subsequent study revealed that nSMase3 was transcriptionally induced by TNF-a and DNA damaging agents in colon cancer cells (Corcoran et al. 2008) . In contrast, p53, a major genotoxic stress regulator, was observed to downregulate nSMase3 expression. Importantly, nSMase3 expression was found to be decreased in several types of primary tumors suggesting that it may play a role in regulating tumorigenesis.
N-SMases and Neuronal Disorders
In addition to the functions outlined above, the N-SMase/ ceramide pathway has also been implicated in neuronal degeneration, particularly in Alzheimer's disease (AD) (Jana et al. 2009 ). Amyloid-b peptide (Ab) is a major constituent of senile plaques in the brains of patients with AD, and a number of reports have demonstrated that Ab plays roles in the pathogenesis of AD and is toxic to neurons and oligodendrocytes (Grimm et al. 2005; Yang et al. 2004) . Indeed, several studies have implicated the nSMase/ceramide pathway in the development of AD through Ab. This is suggested by a number of lines of evidence. First, the treatment of cultured neuronal cells with Ab was reported to induce N-SMase activity and ceramide accumulation Pahan 2004, 2007) . Additionally, the cytotoxic effects of Ab were abrogated by various pharmacological inhibitors of N-SMases, including, GW4869, 3-O-Me-SM and N-acetyl-L-cysteine (Grimm et al. 2005; Ju et al. 2005; Lee et al. 2004 ). The use of GW4869 here suggests a role for nSMase2 and, indeed, this is consistent with the high expression of nSMase2 in brain (Hofmann et al. 2000) . Importantly, the specific inhibition of nSMase2 using an antisense strategy abolished the Ab effects, further supporting a role for nSMase2 in the Ab response (Lee et al. 2004; Yang et al. 2004 ). Finally, research has also shown that the N-SMase inhibitors, GM4869, can downregulate Ab levels and that ceramide can stimulate Ab biogenesis by stabilizing beta-site amyloid precursor protein-cleaving enzyme 1 (Grimm et al. 2005; Puglielli et al. 2003) . This suggests that nSMases can further enhance Ab level through a feedback mechanism. Importantly, there is evidence of altered sphingolipid metabolism in the brains of patients with AD with both elevated ceramide and reduced SM levels being reported . Moreover, in the same report, Ab induced both acid SMase and N-SMase activities in neuronal cell cultures, suggesting that both SMases might collaborate and contribute to Ab signaling. Taken together, these data strongly suggest that N-SMase activation, likely the nSMase2 isoform, contributes at least partially to Ab cytotoxicity and may be a potential therapeutic target for AD in the future. However, it should also be noted that all three cloned nSMases as well as acid SMase have all been detected in the central nervous system, therefore, making it a complex task to elucidate the relative contribution of each SMase. Nevertheless, these data suggest that the various SMase isoforms should be the subject of active investigation relating to the pathogenesis of neuronal disorders.
Conclusions and Future Directions
In recent years, research into the SMases has taken large steps forward with the identification and cloning of the various mammalian N-SMases and the elucidation of their cellular localizations, tissue distributions and biochemical properties. Consequently, considerable progress has begun to be made regarding the functional roles of the nSMases, particularly nSMase2, in regulating signal transduction and a variety of cell processes. However, although many studies have begun to address the important roles of N-SMases in physiological processes, there remain a large number of unanswered questions pertaining to both the regulation and roles of the various cloned nSMase proteins.
First, it will be important to identify the direct interaction between nSMase with other proteins or lipids. Although many activators and potential physiological roles of nSMases have been identified, the direct in vivo N-SMase activators or effectors are largely unknown. Clarification of interactions between nSMase and other molecules will lead to the discovery of missing critical pieces in the nSMase/ceramide signaling pathways.
It will also be an important goal to clarify the substrate specificity for each nSMase. Although all of the cloned nSMase proteins possess in vitro N-SMase activity, there is very limited information regarding their substrate preference on various molecular species of SMs (e.g. different acyl-chains). An understanding of the substrate specificity of each nSMase will be essential for the assessment of their metabolic impact on cellular sphingolipid profiles and could provide important information relating to the specific function of each N-SMase and the associated ceramide/SM species that they regulate.
In addition to specific roles of specific lipid species, the compartmentalization of lipids and associated signaling is now appreciated as an important component of signal transduction. Moreover, as the cloned nSMases have been observed in multiple organelles, it is extremely important to not only investigate the mechanisms underlying their cellular trafficking but also to consider the compartmentspecific activities and functional consequences. This information will not only provide further insight into sphingolipid signaling and regulation in individual subcellular compartments but will also shed light on the physiological functions of the individual N-SMases.
Finally, there is a great need for further clarifications of both the physiological and pathological roles of the cloned nSMases. Aside from some of the studies of nSMase2 in bone homeostasis and development, the in vivo functions of both nSMase1 and nSMase3 are not known. Notably, unlike acid SMase knockout mice, which show SM accumulation in various tissues (Horinouchi et al. 1995; Otterbach and Stoffel 1995) , neither nSMase1 nor nSMase2 KO mice appear to demonstrate large abnormalities in SM levels (Stoffel et al. 2005) . Thus, complementary and compensatory roles may exist among the different nSMases, the development of conditional KO mouse, as well as double and/or triple SMase KO mouse strains with different combination of SMases may become an essential tool for our future understanding of the physiological and pathological roles of N-SMases.
